Introduction
In the past several decades the importance of phosphorylation and dephosphorylation of proteins as a mechanism of regulation of a plethora of biochemical pathways has become apparent (Krebs and Beavo, 1979; Hoch and Silhavy, 1995; Hunter, 1995) . Clearly, the presence or absence of covalently attached phosphate groups can induce structural changes that have profound effects on the function of a protein (Johnson and Barford, 1993; Johnson and O'Reilly, 1996) . Although the use of phosphorylation/dephosphorylation as a regulatory mechanism has been established in many systems, there are only a few cases where the effects of the phosphoryl group on the structure and function of the protein are understood in detail (Hurley et al., 1990; Lin et al., 1996) . Structural determination and biochemical characterization of phosphorylated proteins can be limited by the inability to phosphorylate a large fraction of the protein in vitro. This would be the case in systems where it is difficult to obtain the relevant kinase, or where the phosphoprotein is inherently unstable such as phosphoproteins with inherent autophosphatase activity, chemically unstable phospholinkages such as phosphoanhydrides, and short-lived covalent enzymephosphate intermediates (Stone and Dixon, 1994) .
One such protein whose phosphorylated form is inherently unstable is CheY, a protein involved in chemotaxis of Escherichia coli. CheY, like all other members of the response regulator family of two component regulatory systems, is regulated by the presence or absence of a covalently bound phosphate on a single aspartate residue (Asp 57 in CheY) to form a phosphoanhydride moiety (Sanders et al., 1989) . CheYphosphate (CheY-P) is capable of binding to the flagellar switch which induces the clockwise rotation of the bacterial flagella necessary for cell tumbling (Barak and Eisenbach, 1992; Roman et al., 1992; Sockett et al., 1992; Welch et al., 1993) . Whereas the structures of non-phosphorylated CheY from both X-ray and nuclear magnetic resonance analysis are known to atomic resolution (Stock et al., , 1993 Volz and Matsumura, 1991; Moy et al., 1994; Santoro et al., 1995) , characterization of the structure and function of CheY-P has been limited due to its instability. Native CheY-P has a half life of~20 s (Lukat et al., 1991) due to its autodephosphorylation activity. One experimental approach to address the instability of the phosphate linkage has been exposure of CheY to a large excess of acetyl phosphate, a phosphodonor for CheY (Lukat et al., 1992) , thereby increasing the steady-state lifetime of CheY-P by providing a continuous supply of phosphate until the phosphodonor is depleted. Although the use of excess phosphodonors has allowed some analysis (Drake et al., 1993; Lowry et al., 1994) , this approach is limited to measurements which can be completed before phosphodonor is depleted. Another approach is necessary to allow longer time-scale studies such as atomic resolution structural studies and other biochemical analyses. Our strategy towards this end is to modify chemically CheY to produce a longer-lived CheY-P analog.
In this paper, we describe a procedure to synthesize the thiophosphorylated derivative of a single site mutant of CheY, CheY D57C, which has a unique cysteine in place of aspartate at position 57. The synthesis entails two sequential steps ( Figure 1A) , each of which involves the release of the chromophoric leaving group thionitrobenzoate (TNB -). The final product, CheY D57C-SPO 3 , has a phosphate analog bound to the protein in a disulfide linkage at the proper residue in CheY. In both cases the phosphorus atom is separated from the methylene group of the side chain by two atoms ( Figure 1B) . CheY D57C-SPO 3 is not able to emulate CheY-P in all of the biochemical assays but comparison of the biochemical properties of the analog with those of native CheY-P gives insight into requirements for an activated CheY molecule. The synthetic strategy described here is applicable to other systems to achieve stable phosphoprotein analogs.
Materials and methods

Chemicals
Sodium thiophosphate dodecahydrate, triethylammonium bicarbonate buffer, pH 8.5, and glutathione were purchased 
Purification of CheY D57C
The CheY D57C mutation was created using the dut -ungsite-specific mutagenesis method as described (Kunkel et al., 1987) and the plasmid pRBB40 (Bourret et al., 1990) . Because there are no cysteine residues in wild-type CheY, the cysteine at position 57 in the mutant is the only cysteine in the protein. CheY D57C was purified from overexpressing strain K0641recA/pRBB40.D57C with the following minor modifications of a published procedure for wild-type CheY (Hess et al., 1991) . CheY induction was allowed to proceed for 18-20 h to increase the yield of CheY, all buffers contained 5 mM β-mercaptoethanol, and Whatman DE-52 was used for the ion exchange step. The purified protein was stored at a concentration of 4-8 mg/ml at Ϫ20°C. CheY D57C exhibits properties expected for removal of the phosphorylation site. The mutant protein does not support chemotaxis in vivo, and cannot be phosphorylated by CheA in vitro (data not shown).
Synthesis of CheY D57C-SPO 3
Aliquot(s) of CheY D57C were thawed and reacted with 10 mM dithiothreitol for 5 min at room temperature to ensure complete reduction of the cysteine thiols. The protein was then desalted over a G-25 Sephadex column (8 ϫ 22 mm) which was equilibrated in 100 mM Tris, pH 8.2, 1 mM EDTA. Fractions (400 µl) were collected and protein-containing fractions were pooled. The pooled protein (1.5 ml, 60-80 µM) was placed in a cuvette at room temperature and a 10ϫ molar excess of DTNB (10 mM stock prepared immediately prior to use in 100 mM Tris, pH 8.2, 1 mM EDTA) was added. The course of the reaction was monitored by reading the increase in absorbance at 412 nm. The change in absorbance was corrected for the absorbance increase observed when an equal amount of DTNB was added to an equal volume of buffer. The corrected increase in absorbance at 412 nm was used to calculate the concentration of TNB -present in the reaction (ε 412 nm of TNB -ϭ 13 600 M -1 cm -1 ; Ellman, 1959) , and subsequently the extent of modification which occurred. After completion of the reaction (~5 min), the modified protein (CheY D57C-TNB) was desalted over G-25 Sephadex
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(11 ϫ 30 mM) into 100 mM Tris, pH 8.2, 1 mM EDTA and 400 µl fractions collected. The CheY D57C-TNB pool (3 ml, 40-60 µM) was placed in a cuvette at room temperature and HSPO 3 2-(from a 100 mM freshly made stock solution of Na 3 SPO 3 ) was added in a 15ϫ molar excess. Again, the course of the reaction was monitored by the increase in absorbance at 412 nm due to TNB -release. After completion of the second reaction (75-90 min), the sample was desalted on G-25 Sephadex (11 ϫ 30 mm) into 25 mM ammonium bicarbonate for mass spectrometry, 20 mM Tris, pH 7.5 for isoelectric focusing, or 50 mM Tris, pH 7.5 for other biochemical studies. To prepare CheY D57C-35 SPO 3 , CheY D57C-TNB was prepared as described above and concentrated to~100 µM using Centricon-10 (Amicon). The concentrated sample was added directly to dried [ 35 S]HSPO 3 2-(3 ϫ 10 7 c.p.m: 2.2 ϫ 10 6 c.p.m./nmol) and quickly mixed to dissolve the solid material. This was followed immediately by addition of a 10ϫ molar excess of unlabeled HSPO 3 2-. After 90 min, the sample was either desalted on G-25 Sephadex (8 ϫ 22 mm, in 100 mM Tris, pH 7.5, 1 mM EDTA) for removal of unreacted HSPO 3 2-or electrophoresed directly on an SDS gel.
Protein concentration was quantitated by the Bio-Rad version of the Folin-Colciteau assay using BSA as a standard. Alternatively, CheY concentration was determined by A 280 nm , using an extinction coefficient of 9760 M -1 cm -1 for CheY, CheY D57C, and CheY D57C-SPO 3 , which was empirically determined to give values that agreed with the Folin-Colciteau assay. To assess the stability of the synthesized analogue, the radioactive CheY D57C-35 SPO 3 was prepared as described above and the pooled desalted protein was placed at 4°C. At various times after storage (from 1 h to 8 days) a portion of the protein (150 µl) was desalted over a G-25 Sephadex column (8 ϫ 22 mm). Fractions (400 µl) were collected, and counted for the presence of 35 S. Two peaks were observed: an early peak corresponding to the void volume of the column which contained the labeled protein, and a later peak due to the free [ 35 S]HSPO 3 2-which had dissociated from the protein. Counts in each peak were totaled and the relative amount of modified protein was calculated as the radioactivity associated with the protein divided by the total radioactivity eluted from the column. To assess the reaction of CheY D57C-SPO 3 with reducing agents, the 35 S-labeled modified protein (80 µl of 13 µM) was incubated in the presence of 20 mM of one of four reducing agents (dithiothreitol, β-mercaptoethanol, glutathione, or TCEP·HCl) at room temperature. After 1 h, the entire sample was chromatographed over G-25 Sephadex (8 ϫ 22 mm) and assessed for covalently bound [ 35 S]SPO 3 as described above for the stability experiments. Mass spectrometry Mass measurements were made on a Fisions-VG Quattro BQ triple quadrupole mass spectrometer equipped with a pneumatically assisted electrostatic ion source operating at atmospheric pressure. The instrument was calibrated with horse heart myoglobin (MW ϭ 16 951.48 daltons). Mass spectral analysis was performed within 3 h after completion of the modification reaction.
Stability and chemical reactivity of CheY
Isoelectric focusing
Isoelectric focusing was carried out using precast Immobiline® (Pharmacia) plates with a pH range from 4-7. All protein samples were in 20 mM Tris, pH 7.5. The samples (10 µg; 3-8 µl) were spotted on the plate and the plates were electrophoresed horizontally at 2000 V for 3 h in distilled water. The plates were stained with Coomassie R-250 (in 40% methanol, 7.5% acetic acid) and destained in the same solvent mixture. The pIs of the proteins were estimated assuming a linear pH gradient from pH 4.0 to 7.0 on the plate. Human recombinant cyclin dependent kinase inhibitor (p18), which has a pI of 5.7, was used as standard.
Fluorescence measurements
All fluorescence measurements were made with a Perkin Elmer LS-50B spectrofluorometer and the Perkin Elmer FLDM software package for running the instrument and storage and analysis of data. Samples were maintained at 25°C with a circulating water bath and were continuously stirred with a built-in magnetic stirring device. Tryptophan fluorescence was measured at an excitation wavelength of 292 nm and emission at 346 nm with excitation and emission slit widths of 4 and 7 nm, respectively. Energy transfer between tryptophan and Tb 3ϩ was used to monitor Tb 3ϩ binding to various CheY proteins (Needham et al., 1993) . After each addition of Tb 3ϩ (from a 500 µM or 5 mM stock solution of TbCl 3 ) a phosphorescence emission scan was recorded from 530 to 560 nm (excitation wavelength of 290 nm) and the intensity of the peak at 545 nm was used as an indicator of Tb 3ϩ binding to CheY. Preparation of fluoresceinated CheZ F214C and fluorescence anisotropy of fluoresceinated CheZ F214C were carried out as described previously . FliM: CheY binding assay His-tagged FliM was purified from strain EW86, which contains the plasmid pEWM1 that overexpresses FliM with a 6ϫ His tag at the C-terminus (gift of Y.Blat and M.Eisenbach). Purification was carried out using Ni-NTA resin (Qiagen) using the manufacturer's protocol for purification of insoluble proteins under denaturing conditions. Binding of CheY to Histagged FliM was assessed by electrophoretic detection of a cross-linked CheY:FliM (1:1) complex according to the method of Bren et al. (1996) with modifications suggested by Blat and Eisenbach (personal communication) . Briefly, CheY (25 µM) was incubated with His-tagged FliM (4.1 µM) in 50 mM KP i , pH 8.0, 5 mM MgCl 2 for 3 h at room temperature in the presence of the cross-linking reagent dimethylsuberimidate (11 mM). Acetyl phosphate (22.5 mM) was present in some samples as a phosphodonor. The reactions were terminated by the addition of 5ϫ SDS sample buffer and electrophoresed on 15% polyacrylamide SDS-PAGE. The gels were stained with SYPRO Orange (Bio-Rad) and the intensity of the FliM-CheY 1:1 complex (MW 52 000) was visualized with UV light and quantitated using the GelDoc1000 (Bio-Rad) imaging system.
Results
Synthesis of CheY D57C-SPO 3
Each of the two steps of the chemical modification were monitored spectrophotometrically by measuring the increase in absorbance at 412 nm due to the release of TNB -into solution (Figure 2 ). In the first step (reaction of CheY D57C with DTNB), the absorbance increase was completed within 5-6 min ( Figure 2A ) and the final absorbance at 412 nm corresponded to a reaction of 90-100% of the cysteine residues with DTNB. The desalted CheY D57C-TNB intermediate gave a characteristic absorbance spectrum ( Figure 2B ) with an A 326 /A 280 ratio of 0.46-0.50 which served as a further measure of the completion of the first step of the modification. Subsequent reaction of CheY D57C-TNB with thiophosphate ion was complete within 90 min ( Figure 2C ) and the desalted product gave an absorbance spectrum indicating near complete removal of TNB from the protein ( Figure 2D ).
Quadrupole tandem mass spectrometry was used to positively identify the species present during the reactions. Figure 3 shows mass spectral analysis of reaction mixtures obtained at various times during the course of the second reaction step of the synthesis. At~70% completion of the reaction ( Figure 3A) , the desired product, CheY D57C-SPO 3 , is evident as the dominant peak with a measured mass of 14 066.9 daltons. The predicted masses for the thiophosphorylated product are 14 064.3 and 14 065.3 for the SPO 3 and SPO 3 H forms, respectively. The CheY D57C-TNB intermediate is also present as evidenced by the peak at 14 152.3 daltons (predicted mass is 14 151.4). In addition to these two major components, there is a peak at 13 955.1 indicating the presence of a small amount of the starting material, CheY D57C (predicted mass is 13 954.3). At completion of the reaction (Figure 3B ), the desired thiophosphate derivative comprises~70-80% of the reaction mixture with CheY D57C as the only significant contaminant, present at Ͻ12% of the total protein. Other species present in small quantities are likely to be the mercaptoethanol adduct of CheY D57C (14 031.8 daltons), and CheY D57C-TNB (14 152.3 daltons). The peak at 13 985.4 daltons is likely to be CheY D57CSS -, due to loss of PO 3 from ϪSSPO 3 (Goody and Eckstein, 1971) and the peak at 14 090 is probably the Na ϩ adduct of CheY D57C-SPO 3 . The mass spectral analysis showed no detectable dimeric species of CheY (data not shown).
208 Isoelectric focusing of the reaction samples (Figure 4 ) indicated reaction compositions which were consistent with the mass spectrometry results and also gave relative isoelectric points for the species which were consistent with the predicted chemistry. The unmodified CheY D57C (lane 1) gave an isoelectric point of 4.9, close to that predicted from the amino acid sequence of wild-type Che Y (4.7, Genetics Computer Group, Madison, Wisconsin). The CheY D57C-TNB intermediate (lane 2) had an isoelectric point of~0.09 units lower than the starting material, consistent with the presence of a negatively charged TNB group in the place of the neutral cysteine. Analysis of a sample which corresponded to~70% completion of the second reaction (as in Figure 3A) showed the dominant species to have a further reduced isoelectric point by~0.06 unit. This indicates the presence of an additional negative charge on the thiophosphorylated molecule relative to the intermediate and suggests that the thiophosphate is present as a dianion. This reaction sample (lane 3) also shows the presence of unreacted CheY D57C-TNB, just as observed by mass spectral analysis of a similarly prepared sample ( Figure 3A) .
Chemical reactivity and stability of CheY D57C-SPO 3
The presence of [ 35 S]HSPO 3 2-in the synthesis allowed isolation of radioactive CheY D57C-SPO 3 which was used to assess the stability and chemical reactivity of the modification. Figure 5 shows the incorporation of [ 35 S]SPO 3 into CheY D57C-TNB, CheY D57C, and wild-type CheY, as detected by SDS gel electrophoresis. Whereas all three of the proteins were present in similar amounts (Coomassie Blue stained gel), 35 S was incorporated into the samples which contained CheY D57C-TNB and CheY D57C but not into wild-type CheY, demonstrating the specificity of the reaction for the sulfhydryl group. Incorporation of label into CheY D57C is due to disulfide formation using atmospheric O 2 as the oxidizing agent. The presence of β-mercaptoethanol (640 mM) in the gel samples totally removed the [ 35 S]SPO 3 , which is consistent with the involvement of the ϪSPO 3 in a disulfide linkage with the cysteine at position 57. The band at a molecular weight of 32 000 ( Figure 5 , lane 4 on autoradiograph) which is present with the reaction of CheY D57C-TNB with [ 35 S]SPO 3 is likely to be trisulfide linked (CheY D57C) 2 . Because this species is radioactive, we hypothesize that CheYD57C-SS -, formed from loss of PO 3 (Goody and Eckstein, 1971 ) from CheY D57C-SPO 3 , acts as a nucleophile towards CheYcontaining disulfides present in the reaction mix. This band was barely detectable in the Coomassie-stained gel and so represents a very small portion of the reaction mix. The (CheY D57C) 2 species was not observed in the mass spectrometry analysis, probably due to minor differences in the preparation procedure for the two experiments.
Incubation of CheY D57C-35 SPO 3 (10 µM) with a variety of reducing agents under rather stringent conditions (20 mM reducing agent for 1 h at room temperature) demonstrated different degrees of reduction for the various agents. Dithiothreitol, which is effective in complete disulfide reduction in many proteins within several minutes, only removed 54% of the [ 35 S]SPO 3 from the protein, relative to the control incubated in the absence of reducing agent. This was similar to the behavior of glutathione, a relatively weak disulfide reducing agent (data not shown). β-mercaptoethanol was more effective than DTT and glutathione, reducing 86% of the disulfide linkages, and TCEP·HCl, a potent reducing agent, was capable of near complete (96%) removal of [ 35 S]SPO 3 from the protein.
The chemical stability of the disulfide linkage in the modified protein under normal storage conditions is of critical importance when assessing the potential use of the covalent modification in a variety of biochemical applications. The time dependence of the loss of covalently bound 35 S from CheY D57C-35 SPO 3 at 4°C is shown in Figure 6 . The data are consistent with a first order decay and a half life of~8 days under these conditions. This is sufficiently slow to allow the use of proteins which have thiophosphorylated cysteine residues in many applications.
Biochemical properties of CheY D57C-SPO 3
Intrinsic fluorescence. With placement of a stable phosphoryl group at position 57 in CheY, the functional properties of the analog and comparison of the behavior of the analog with authentic CheY-P could be addressed. Wild-type CheY undergoes a large decrease in its intrinsic tryptophan fluorescence upon phosphorylation (Lukat et al., 1992) . To gain insight into structural similarities between CheY D57C-SPO 3 and wild-type CheY-P, the fluorescence properties of these proteins under various conditions were compared. Figure 7A shows the fluorescence intensities of identical concentrations of wild-type CheY, CheY D57C and CheY D57C-SPO 3 upon sequential addition of acetyl phosphate (10 mM) and β-mercaptoethanol (20 mM) to each protein sample. The results show that the fluorescence intensity of CheY D57C-SPO 3 is very close to that of CheY-P, which is about half that of unphosphorylated CheY. Furthermore, addition of β-mercaptoethanol to CheY D57C-SPO 3 to release the thiophosphate results in an increase in fluorescence intensity to a value very close to that of wild-type CheY and CheY D57C. This increase in intensity occurred in a time dependent manner and took 15 min to go to completion (data not shown). Therefore the thiophosphate group linked to CheY D57C via a disulfide linkage has a similar effect on the tryptophan fluorescence of the protein as the phosphoanhydride linkage in wild-type CheY phosphate. This suggested that CheY D57C-SPO 3 may possess at least a subset of structural features which are characteristic of CheY-P.
Metal binding properties of CheY D57C-SPO 3 . Wild-type
CheY has a native Mg 2ϩ binding site (K d µ 1 mM) which Tryptophan fluorescence emission intensity of wild-type CheY, CheY D57C and CheYD57C-SPO 3 under various solution conditions. Each protein was present at a concentration of 1.5 µM in 100 mM Tris, pH 7.5, 10 mM MgCl 2 (black bars; no additions). Identical sequential additions of acetyl phosphate (striped bars; final concentration of 10 mM) and β-mercaptoethanol (stippled bars; final concentration of 20 mM) were made. The intensity was monitored continuously and the intensity after equilibrium had been achieved was plotted. (B) Tb 3ϩ binding to CheY, monitored by fluorescence energy transfer. Wild-type CheY (d), CheY D57C (r) and CheY D57C-SPO 3 (j), were present at 5 µM and the buffer was 50 mM Tris, pH 7.5. (C) The effect of wild-type CheY-P (d), CheY D57C (r), and CheY D57C-SPO 3 (j) on the anisotropy of fluoresceinated CheZ F214C. Fluoresceinated CheZ F214C was present at 1 µM and the buffer was 50 mM Tris, pH 7.9, 5 mM MgCl 2 . Acetyl phosphate (18 mM) was present in the wild-type titration.
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can accommodate a variety of di-and trivalent ions with varying affinities (Lukat et al., 1990; Needham et al., 1993) . It has been reported that CheY-P has an~5-fold higher affinity for Mg 2ϩ relative to unphosphorylated CheY and that the functional groups which serve as ligands to Mg 2ϩ change upon phosphorylation (Lukat et al., 1991; Welch et al., 1994) . To evaluate whether an analogous increase in Mg 2ϩ affinity is observed for CheY D57C-SPO 3 relative to CheY D57C, the Mg 2ϩ binding properties of the analog were compared with those of CheY D57C and wild-type CheY. Addition of Mg 2ϩ to wild-type CheY quenches the intrinsic tryptophan fluorescence. The quenching correlates with Mg 2ϩ binding and can be used to determine the K d for the interaction (Lukat et al., 1990) . However, addition of Mg 2ϩ to CheY D57C gave a small nonsaturatable quench which was not reversible with EDTA (data not shown) and therefore could not be used to monitor Mg 2ϩ binding. Similarly, the intrinsic fluorescence of CheY D57C-SPO 3 , which was significantly quenched relative to CheY D57 C ( Figure 7A ), did not change as a result of addition of Mg 2ϩ and so gave no indication of its metal binding affinity. Therefore the integrity of the metal binding sites on CheY D57C and CheY D57C-SPO 3 were assessed by an alternative method which monitors the degree of energy transfer from tryptophan to bound Tb 3ϩ . Tb 3ϩ has previously been shown to bind tightly to the Mg 2ϩ binding site on CheY and this binding can be detected by fluorescence energy transfer (Needham et al., 1993) . Titration of wild-type CheY with Tb 3ϩ gave a saturatable increase in fluorescence intensity, consistent with binding of Tb 3ϩ to CheY with a K d in the low µM range ( Figure 7B ) in agreement with the previously determined value (Needham et al., 1993) . Both CheY D57C and CheY D57C-SPO 3 also showed an increase in Tb 3ϩ emission due to fluorescence energy transfer but the affinities of these two proteins appeared to be decreased by~100-fold relative to wild-type CheY ( Figure 7B ). For both the CheY D57C and CheY D57C-SPO 3 , the energy transfer was reversible with the addition of Mg 2ϩ , but required~100 mM Mg 2ϩ (compared with 1 mM for wild-type) to remove half of the bound Tb 3ϩ (data not shown). Therefore the ability of the CheY D57C to bind Mg 2ϩ was significantly reduced relative to wild-type CheY and the presence of the ϪSPO 3 moiety on CheY D57C did not enhance the Mg 2ϩ binding affinity of the protein.
Interaction of CheY D57C-SPO 3 with CheZ and FliM. CheY-P has been shown to interact with both CheZ and FliM to a greater extent than unphosphorylated CheY. The interactions of CheY D57C-SPO 3 with these proteins were independently assessed using published assays. CheY-P induces the oligomerization of CheZ and this event can be monitored by measurement of fluorescence anisotropy changes of fluoresceinated CheZ F214C in the presence of CheY and acetyl phosphate . While wild-type CheY gave the predicted change in anisotropy in the presence of acetyl phosphate ( Figure 7C ), neither CheY D57C nor CheY D57C-SPO 3 induced significant anisotropy increases under these conditions ( Figure 7C ). The small increase in magnitude for CheY D57C-SPO 3 relative to CheY D57C ( Figure 7C ) was reproducibly observed.
Binding of the CheY proteins to FliM was assessed using a cross-linking assay which traps CheY-FliM (1:1) complexes (Bren et al., 1996) . Using this assay, the amount of cross-linked product for wild-type CheY in the absence of acetyl phosphate was 11% of that in the presence of acetyl phosphate (data not shown), demonstrating the increased affinity of CheY-P for FliM relative to CheY. Both CheY D57C and CheY D57C-SPO 3 gave very similar amounts of cross-linked product as unphosphorylated wild-type CheY (16 and 9% relative to CheY-P, respectively; data not shown). Therefore, it did not appear that CheY D57C-SPO 3 was able to emulate CheY-P in either CheZ oligomerization or FliM binding in the assays used here.
Discussion
Synthesis of a phosphoprotein analog
The synthetic scheme described here takes advantage of the unique chemistry of cysteine thiols and the fact that, with the technological ease of site-directed mutagenesis, cysteine residues can be placed at or removed from any desired position in a protein. This procedure will result in placement of a thiophosphate group, a phosphate analog, at any cysteine in the protein which is reactive to DTNB, so the process has the potential for broad application. The chemistry of the synthesis consists of two sequential disulfide exchange reactions. Whereas the first step, the reaction of cysteine thiols with DTNB has been well established as a method of quantitating free thiols in proteins (Ellman, 1959) , the use of thiophosphate as a nucleophile in the subsequent disulfide exchange reaction has little precedent in the literature (Neumann et al., 1967) . The fact that the desired product in the synthesis is achieved as the predominant product indicates that several potential side reactions were minimized. For example, the thiophosphate nucleophile could have attacked either of the two sulfur atoms in the disulfide bond of the CheY D57C-TNB intermediate. However, attack at the desired cysteine sulfur was clearly favored as attack at the TNB sulfur would have resulted in reformation of CheY D57C, which was not observed. Another potential side reaction could have been further reaction of the desired product with the sulfhydryl nucleophiles which were present in the reaction mix such as HSPO 3 2-, TNB -, or CheY D57C. Depending on the particular combination of nucleophile and target sulfur atom involved, these potential reactions would have regenerated CheY D57C or CheY D57C-TNB or created the disulfide-linked (CheY D57C) 2 dimer, none of which was observed as a significant contaminant in mass spectral analysis. Although competitive side reactions were largely avoided here, carrying out the second reaction step for prolonged times or using high concentrations of thiophosphate or protein in this step could result in increased amounts of unwanted byproducts.
Estimation of potential differences in the exact location or orientation of the phosphoryl group in CheY D57C-SPO 3 versus CheY-P were made using computer modeling (SYBYL, Tripos Inc.) . Analysis of the model compounds, CH 3 CO 2-P(OH) 3 (I) and CH 3 SSP(OH) 3 (II), to model the side chains of CheY-P and CheY D57C-SPO 3 , respectively, showed that the distance between the phosphorus atom and the methyl carbon were predicted to be nearly equal (3.987 and 3.878 Å, for compounds I and II, respectively), implying that the distance between the phosphoryl group and the protein backbone in CheY D57C-SPO 3 and native CheY-P would also be virtually identical. However, there was a difference in the dihedral angle across the CO-O bond in compound I (171°) and the disulfide bond in compound II (105°), suggesting that there could be a difference in the orientation of the phosphoryl groups in CheY-P and CheY D57C-SPO 3 .
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In the case of CheY, placement of the thiophosphate at the active site position was attractive as it allowed placement of a phosphate analog at the same distance from the backbone as the phosphoryl group in wild-type CheY and allowed the possibility of producing a CheY-P analog with enhanced stability. Enhanced stability was achieved as the rate of loss of the thiophosphate group from CheY D57C-SPO 3 was several orders of magnitude slower than hydrolysis of the phosphate from CheY-P. The rate was sufficiently slow to allow solution of the three-dimensional structure by multidimensional nuclear magnetic resonance or possibly by X-ray crystallography.
Structural requirements for activated CheY-P In order to relate structure to function, it was essential to assess the competence of CheY D57C-SPO 3 in carrying out the functions of genuine CheY-P. Because CheY D57C-SPO 3 was a modification prepared in vitro, there was no way to test the ability of the analog to simulate the activity of CheY-P in vivo, i.e. measure its ability to stimulate clockwise rotation of bacterial flagella. It was therefore necessary to evaluate the functional competence of the analog with in vitro assays. The fluorescence quantum yield of Trp 58 of CheY D57C-SPO 3 was nearly the same as that of CheY-P, each of which was about half of that of its unphosphorylated counterpart (CheY D57C and CheY, respectively; Figure 7A ). While fluorescence quenching can result from a multitude of environmental effects, the fact that the magnitudes of the quantum yields observed here in CheY D57C versus CheY D57C-SPO 3 were so close to the respective analog proteins (CheY and CheY-P) is consistent with the scenario that a similar conformational event caused the quenches in both cases. However, taken together with the inability of CheY D57C-SPO 3 to show significant activity in the CheZ and FliM interaction assays (discussed below), it must be concluded that the structural changes which caused the fluorescence differences between CheY D57C-SPO 3 and CheY D57C were not identical to those which occur upon phosphorylation of wild-type CheY.
The metal-binding affinities of both CheY D57C and CheY D57C-SPO 3 were compromised~100-fold relative to wildtype CheY. The compromised metal-binding ability of CheY D57C probably reflects the loss of the side chain carbonyl on Asp57, which is a ligand for the bound Mg 2ϩ (Stock et al., 1993) . The inability of the thiophosphate group to enhance the Mg 2ϩ binding ability of CheY D57C contrasts with the 5-fold increase in Mg 2ϩ affinity seen for CheY-P relative to CheY (Welch et al., 1994) . The low affinity of CheY D57C-SPO 3 for metal ion may indicate that the Asp57 side chain carbonyl is also a ligand in CheY-P.
Could the diminished metal binding ability of CheY D57C-SPO 3 contribute to the inability of the analog to emulate CheY-P in the CheZ and/or FliM interaction assays? Both of these assays were carried out at 5 mM Mg 2ϩ , a condition which would fill the metal binding site on CheY-P (the positive control in each essay) but not on CheY D57C-SPO 3 . It is not yet known whether the presence of bound Mg 2ϩ affects the conformation and/or activity of CheY-P. In the absence of structural data, it is experimentally difficult to evaluate the role of Mg 2ϩ in protein-protein interactions involving CheY-P because Mg 2ϩ must be present to allow phosphorylation of CheY. However, there have been a few observations which addressed this question. Welch et al. (1994) reported that CheY-P which had been depleted of Mg 2ϩ partially retained its ability to bind to FliM and concluded that Mg 2ϩ was not required for the active conformation for FliM binding. It has also been observed that the phosphatase activity of CheZ is considerably reduced in the absence of Mg 2ϩ (Lukat et al., 1990) . However, this may be due to the need for Mg 2ϩ to catalyze the dephosphorylation chemistry and may not necessarily imply a Mg 2ϩ dependence in the CheZ oligomerization assay used here. Future strategies to produce stable analogs of phosphorylated response regulators would likely benefit from using modifications which are likely not to compromise significantly the ability of the modified protein to bind Mg 2ϩ .
The observations here illustrate that activation of CheY must have stringent structural requirements in the area of the active site. The presence of a phosphoryl group at position 57 is not sufficient for full activation. Full activation of CheY probably requires precise positioning and orientation of the phosphoryl group and may also require integrity of a metal binding site which allows Mg 2ϩ to bind with specific stereochemistry. This stringency is consistent with analysis of CheY K109R, a mutant which is readily phosphorylatable but inactive. Presumably with the absence of Lys109, active site functional groups do not assume the required spatial orientation necessary for activated CheY. This stringency for the precise phosphoryl group position required for CheY activation was unanticipated as phosphorylation of another response regulator protein, FixJ, at a site other than the active site aspartate, has been reported to result in partial activity (Reyrat et al., 1994) . The stringent spatial requirements in this phosphoprotein system contrasts with that of some proteins which are regulated by phosphorylation of serine residues. For many members of this class of proteins, including p53 (Hao et al., 1996) and prolactin (Maciejewski et al., 1995) , substitution of a glutamic acid residue for the phosphorylated serine yields a mutant protein whose activity mimics that of the phosphorylated wildtype protein. Presumably, for these proteins, the main role of the phosphoryl group in activation is the introduction of negative charge at an approximate location. The required negative charge may be supplied by functional moieties other than a phosphoryl group.
Like any analog, the ϪSSPO 3 chemical modification gives a very similar but nonidentical chemical structure when compared with its model structure. With CheY, it appears that the inability of CheY D57C-SSPO 3 to mirror Che Y-P function in vitro could result from compromised metal binding capabilities of the analog and/or small differences in the orientation of the phosphoryl moiety in the analog relative to native CheY-P.
